Relationships between Scopulariopsis species and allied fungi were studied by sequencing a 350 bp gene region of the large subunit ribosomal RNA gene (LSU rDNA). In addition, a limited morphological dataset of nine characters was included in the cladistic analysis. Nineteen mitosporic strains (nine Scopulariopsis, five Wardomyces, three Doratomyces, one Trichurus and one Scedosporium species) and 21 meiosporic strains (14 Microascus, 4 Kernia and 3 Pithoascus species) were studied. The data were analysed using parsimony methods. Based on the analyses, the studied microascaceous fungi are divided to 12 molecular lineages. Most of the opportunistic human pathogenic Scopulariopsis species are placed in one clade ('Microascus manginii Clade'). Most synnematous anamorphs with Scopulariopsislike conidia (Doratomyces and Trichurus) are placed in another clade ('Microascus albonigrescens Clade'), together with Wardomyces. Microascus sensu lato can be divided into seven clades which also incorporate all studied Pithoascus, Scopulariopsis, Wardomyces and Trichurus species and most of the Doratomyces species. Most of the Kernia teleomorphs and one Doratomyces species are placed in a different main clade, together with Pseudallescheria and Petriella. Future alternatives in the taxonomy of Microascus include splitting the genus or redefining it to include deviating taxa. More molecular data need to be obtained and considered in either case.
Introduction
Scopulariopsis species are mitosporic moulds that are regularly encountered in clinical samples, especially nail specimens [1] . Their reservoir is in the environment, such as in various types of soil and plant products, as well as in excrements and keratinous parts of animals [2] . Consequently, they may occur in superficial clinical samples as contaminants and secondary invaders. However, some of the Scopulariopsis strains possess keratinolytic activity sufficient to penetrate nail tissue [3] , and some members of this genus are recognized as uncommon but regular causes of nail infections [4] . Rarely, Scopulariopsis spp. infect other tissues such as lungs, heart, sinuses or eyes [4, 5] .
It has long been known that some Scopulariopsis species are anamorphs of the ascomycetous genus Microascus [6] . Scopulariopsis anamorphs have been found in other ascomycetous genera, as well, notably Kernia and Pithoascus [7, 8] . Before the current era of molecular tools, one was able to reconstruct the life cycle of a fungus only if both the ascomycetous and the conidial stage were found in the same culture or could otherwise be produced from one other. Important findings of that kind are still being made [9] . However, no teleomorph has been found, as yet, in several Scopulariopsis species that are reported as human pathogens [4] . Even considering the known teleomorphs, there are numerous ways to interpret the taxonomic relationships in Microascaceae [7] . Thus, the perspective of molecular evolution gives us more information allowing us to approach a well-based classification.
A 367 bp partial sequence of the large subunit ribosomal RNA gene (LSU rDNA) was used to resolve subgeneric relationships in Cladophialophora and related fungi [10] . In our studies, sequences of this gene region also gave taxonomic results corresponding to those obtained with small subunit ribosomal DNA gene (SSU rDNA) in the genera Petriella and Pseudallescheria [11, 12] . We continued to use the same genomic area in this study of the molecular systematics of Microascus, a genus that is regarded as a part of the same family, Microascaceae [7, 13] .
We wanted to create a LSU rDNA-based phylogenetic overview of Scopulariopsis, Microascus and some related fungi, to assess potential relationships between apparently asexual and sexually reproducing species. We also hoped to find the closest relatives of clinically occurring species, so as to give a better basis for future differential diagnosis.
Materials and methods

Selection of strains
The fungal strains tested are presented in Table 1 . They were obtained from the Centraalbureau voor Schimmelcultures (CBS; Utrecht, The Netherlands), and from the American Type Culture Collection (ATCC; Manassas, VA). Strains derived from type specimens were preferred. The identity and nomenclature of the strains was accepted as accessioned. One representative of each Scopulariopsis or Microascus species present in these two collections was obtained. Representatives of supposedly related meiosporic and mitosporic genera were included, so to provide a phylogenetic framework. The preliminary assumptions on relatedness were based on the work of von Arx et al. [7] and morphological similarity from other literature sources. A relatively large number of Wardomyces spp. and synnematous taxa such as Doratomyces spp. were included because, during our study, they appeared to have molecular relationships with Microascus and this needed confirmation. In addition, a recent Finnish Scedosporium strain from an amputated leg (NCPF 7511) was included in the study because its sequence differed from the previously known LSU rDNA variation of Pseudallescheria [12] . Fifty-four strains were originally ordered. In repeated trials, we were able to obtain the desired % 350 bp partial sequences of the 40 strains included in the analyses. Fourteeen strains that were excluded showed various problems in, for example, DNA isolation or sequence clarity.
In addition, all closely related LSU rDNA sequence data available in GenBank [14] were included in the phylogenetic analysis (Table 1) . These were mainly for Pseudallescheria and Petriella species [12] . The GenBank sequences of Ceriosporopsis halima (Accession no. U47844) and Ophiodeira monosemeia (U46894) were chosen as outgroups since, according to the current GenBank data, they were the closest molecular relatives of the studied group but clearly outside of it.
Mycological methods and morphology
The strains were subcultured and studied morphologically as described earlier [11, 12] . A culture of each studied strain was deposited in the National Collection of Pathogenic Fungi (NCPF; Public Health Laboratory Service, Bristol, UK).
Morphological characters of the studied taxa were selected and coded for inclusion in the cladistic analyses. These are listed in Table 2 . Qualitative characters were preferred that were clear-cut, applicable to many species and based on features normally considered significant in morphological taxonomy. No fixed presupposition was made as to the number of characters desired, but nine characters were ultimately found that met the selection criteria noted. Four of the characters referred to the teleomorphic stage. They included: ascocarp ostiolate or closed; ascocarp surface smooth or setose (including the long appendages of Kernia but excluding small warts because of difficult delimitation); ascospores more-orless symmetrical or asymmetrical (the latter category including curved, lunate and more or less triangular forms); and ascospore germ pore number one, two or none. Five characters referred to the anamorph stage: (at least some) conidiophores synnematous or all mononematous; annelloconidia in dry chains (Scopulariopsis type) formed or not formed; dark non-annelledic conidia with a germ slit (Wardomyces type) formed or not formed; annelloconidia in wet masses (Scedosporium type) formed or not formed; and conidia rough (including striate) or smooth.
As sources of the morphology dataset we used a combination of handbooks [2, 4, 15, 16] ; monographic papers [6] [7] [8] [17] [18] [19] ; descriptions of single taxa [9, 13, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] ; as well as our own morphological study of each obtained strain. Characters in the morphological dataset refer to the whole species, not only to the strain studied.
Molecular methods
The isolation of DNA from pure cultures of fungi followed the method of Lee & Taylor [30] . In the DNA Out-
amplification and sequencing, the primers of Masclaux et al. [10] were used. Our modifications of the isolation, primers and other details of DNA works have been described earlier [12] .
Sequence alignment and phylogenetic analysis
GenBank Accession nos of the sequences used in phylogenetic studies are given in Cladistic analysis was performed using three versions of the dataset: (i) the numerical morphology dataset only, (ii) the DNA dataset only, and (iii) the DNA and numerical morphology as a combined dataset. Parsimony analyses were performed using the program Nona [32] in conjunction with Winclada [33] with the following settings: hold* (holding all trees that memory allows, in current settings with Winclada this is 10 000), mult*1000 (search replicated 1000 times), hold/10 (keeping 10 starting trees for each replication). In addition, the combined dataset was reanalysed nine times so that, each time, a different morphological character was omitted, in order to check that the structure is not dependent on any single morphological character. The jackknife values of branches were calculated using the Parsimony Jackknifer program version 4.22 [34] with 10 000 replicates.
Results
Datasets and phylogenetic trees
All LSU rDNA sequences obtained were deposited in GenBank [14] under the Accession nos shown in Table 1 . The morphological dataset is shown in Table 2 .
When parsimony analysis was carried out using the nine-character morphological dataset alone, over 10 000 (tree buffer overflow) equally parsimonious trees were obtained. The strict consensus tree (not shown) was uninformative, as it could only separate one of the outgroups from the rest of the material.
When the parsimony analysis was carried out using the LSU rDNA sequence dataset alone, eight equally parsimonious trees were obtained. The strict consensus parsimony tree based only on LSU rDNA data is presented in Figure 1 .
When the parsimony analysis was carried out using the combined dataset made by joining the LSU rDNA dataset and the morphology dataset, 600 equally parsimonious trees were obtained. The strict consensus parsimony tree based on this combined dataset is presented in Figure 2 .
In the nine repeated analyses of the combined dataset with one morphological character omitted, the strict consensus trees of these analyses (not shown) showed some fluctuation as to the arrangement of different clades. Based on the comparison between the two original consensus trees (Figs 1 and 2 ) and these nine trees, 12 approximately generic or subgeneric branches were identified, the order or internal structure of which varied but which in each case retained the same grouping of strains during all these modifications. The resulting lineages that were constant in this study are described, provisionally, as clades, below. They are marked in the phylogenetic trees of Figures 1 and 2 and in Tables 2 and  3 with the corresponding abbreviations.
Main characters of clades
Distribution of the morphological characters in the clades is shown in the Table 2 . Molecular characters typical of these clades are shown in Table 3 . Exact molecular or morphological characterization is not given for the two provisional higher rank 'main clades' (see below), as the position of the basal taxon Pseudallescheria fimeti varied in relation to them depending on the analysis, and this would affect the characters selected. A brief verbal description of each clade follows.
Microascoid main clade (MiMaC; abbreviations are those used in Figs 1 and 2)
This term is used for the large clade that contains all Microascus and Scopulariopsis species studied but no Pseudallescheria species. It could be referred to as Microascus sensu lato, if one wants to use a generic name of the sequence-based taxon that incorporates all studied Microascus species. Then, however, this 'genus' would also incorporate the current Pithoascus and, from the phylogenetic point of view, several anamorphic genera such as Scopulariopsis.
Microascus albonigrescens clade (MaC). This clade of 12 strains is separated from others on a molecular basis but is morphologically diverse, including conidial types of five anamorph genera (Scopulariopsis, Wardomyces, Trichurus and Doratomyces plus its Echinobotryum sy-nanamorph). Most synnematous anamorphs and all studied Wardomyces anamorphs are grouped in this clade. The only constant factor in morphology is the lack of Scedosporium-type conidia. The conidia are smooth except in the Echinobotryum synanamorph of Doratomyces stemonitis. The only three species known to produce perithecia are Microascus species with ostiolate ascocarps and curved ascospores. clade produce an ostiolate ascocarp and asymmetrical ascospores with one germ pore. The majority of teleomorphs are Microascus spp. and most known Microascus species are located in this clade, including the type species of the genus, Microascus longirostris. As an exception, Kernia hyalina, with closed ascomata and sym- metrical ascospores, is grouped in this clade based on its molecular characters. Pithoascus clade (PiC). In our material, this small basal clade of the microascoid main clade consists of two species. One is the type species of Pithoascus, P. nidicola. The other is P. intermedius, which differs from P. nidicola by six LSU rDNA bases. Both species have smooth, ostiolate ascocarps and curved to lunate ascospores. The conidia, if present, are produced from simple, poorly differentiated conidiophores that could not be classified as any of the three stated alternatives used in composing our phenotypic dataset.
Microascus longirostris clade (MlC
Microascus manginii clade (MmC
Scopulariopsis carbonaria clade (ScC). This, too, is a small basal clade, monospecific in this material. No teleomorph is known. The fungus sporulates with dark, smooth, dry-chained Scopulariopsis conidia.
Petrielloid main clade (PeMaC)
This 'main clade' incorporates Pseudallescheria, Petriella and Kernia sensu stricto, along with their corresponding anamorphs. Most strains have been studied earlier [12] . A short update and some additions are given here.
Pseudallescheria clade (PsC). This clade includes the human pathogenic Pseudallescheria boydii. The addition of Microascus and related anamorphs did not cause alterations to the limits of this clade as defined in previous analyses. However, the clinical Scedosporium apiospermum strain NCPF 7511 differed in four LSU rDNA base sites from other Pseudallescheria strains studied thus far [12] .
Petriella clade (PeC). The phylogenetic relationships of Petriella, including the position of the human pathogenic Scedosporium prolificans in the basal part of the clade, were not altered in this study.
Kernia clade (KeC). Most of the studied Kernia strains, including the type species, Kernia nitida, were grouped in this clade. The only exception was K. hyalina (see MlC). The strains that were left in the Kernia clade have in their ascomata long setose appendages with circinate ends (in contrast to the smooth ascocarps of K. hyalina). They also differ from K. hyalina by having brown ascospores with two germ pores, rather than hyaline ascospores with one germ pore.
Doratomyces purpureofuscus clade (DpC)
. This small basal clade of petrielloid fungi includes only Doratomyces purpureofuscus. This anamorphic taxon has morphological affinities to the adjacent Kernia clade. The result suggests that the anamorphic genus Doratomyces is heterogeneous (for other species, see MaC).
Pseudallescheria fimeti clade (Pfc). This clade remained monospecific in our material. Pseudallescheria fimeti has an isolated molecular position either in the most basal part of the PeMaC or, perhaps, of the whole Microascaceae. Morphologically, the species has the principal characters considered characteristic of Pseudallescheria.
Position of human pathogenic taxa
Fungi reported as opportunistic human pathogens [4] were shown to occur in several phylogenetic groups of Microascaceae. In the MiMaC, the pathogens are mainly concentrated in one clade, MmC (Microascus brevicaulis, M. manginii, Scopulariopsis koningii, S. asperula, S. fusca and S. flava). In addition, one pathogen is placed in MaC (Scopulariopsis acremonium) and one in MlC (Microascus cirrosus). The established petrielloid pathogens P. boydii and S. prolificans belong in PsC and PeC, respectively.
Discussion
We hope the molecular data described will help to graft several incompletely known mitosporic taxa into the context of their whole life cycles and natural ascomycetous relatives. Taxonomic alterations in this large family would be unrealistic at the moment, because of the limited data and the currently low statistical support for the branches. Therefore, no clade names are given here as formal nomenclatural proposals. However, we find it useful to present the resulting evolutionary hypothesis in the form of preliminary grouping units that are called here clades and 'main clades'. We have also tried to make our hypothesis concrete by specifying the individual rDNA bases that would appear to have mutated in the past, assuming that our hypothesis is correct (Table 3 ). It is hoped that this first picture will stimulate further work that will clarify and eventually change the scheme. The Microascaceae contains additional genera, species and strains in which variation would be expected. In future, different genomic loci should be compared in order to create multiple gene genealogies [35, 36] .
One reason to indicate these hypothetical historical mutations is to make a contribution towards a simpler fungal nomenclature, namely, a united classification of fungi regardless of their sporulation stage. If one wants to graft molecular results onto a system based on current nomenclatural rules, one needs simple, specific molecular characters that can be referred to in descriptions of taxa. We hope that DNA base characters from a number of independent genes (our Table 3 representing a part of one such gene) can soon be used in fungal taxonomy as characters of this kind. The most convenient way to incorporate molecular data into nomenclatural systems might be to give these data the taxonomic status of 'elements representing the teleomorph' [37, 38] .
The principle of parsimony analysis is to obtain a phylogenetic tree that explains the observed variation of organisms with a minimal number of evolutionary changes from a hypothetical common ancestor. With numerous taxa and a restricted number of characters it is not uncommon to obtain a large number of equally parsimonious trees. This was true for our analyses. It has been shown in many analyses of large datasets including numerous genes that best resolution is obtained by simultaneous analysis of all data [39] . Analyses of any of the genes separately, however, has given results with reduced resolution or with novel unexpected groupings [40, 41] . Our data are in this respect very limited, including only a small portion of one gene with only 63 informative characters and, in addition to this, nine morphological characters. In our analysis the morphology and sequence level data seem to be in conflict, because in combined analysis a part of the resolution of the sequence data was lost. However, this might actually be due not to incongruence between datasets, but simply because of lack of any kind of 'signal' in a small morphological dataset. We did not perform tests for incongruence between datasets because conflicts between different characters, homoplasies, are something to be expected in practically all cladistic analyses, not something that would warrant ignoring part of the data [42] .
Different methods and indices have been proposed to study 'reliability' or 'strength' of phylogenetic hypotheses included in each cladogram. Ideally, these indices should show which of the hypotheses presented are most robust towards addition of characters possibly in conflict with those included in the current analysis. However, none of the many indices proposed have been shown to meet this criterion. General discussion on the pros and cons of these methods is provided elsewhere [43] [44] [45] . Currently, the most widely used method is bootstrapping [46] but because of its many shortcomings [44] we did not use it but instead obtained jackknife values [47] for the clades. Jackknifing sorts out well-supported groups even if they have only one uncontradicted synapomorphy [47] .
How well does morphology indicate phylogeny in Microascaceae, assuming that the preliminary LSU rDNA phylogeny of this study is correct? Without access to molecular information, the traditional morphological classification has succeeded in creating numerous taxa that correlate well with the LSU rDNA sequences observed by us. For instance, all Microascus and Scopulariopsis species studied occur in one main clade. All representatives of certain lower rank molecular clades also have very similar morphologies, such as in the Pithoascus clade or in the Kernia clade. It is interesting to note that one clade may have the tendency to remain anamorphic (MmC), whereas another may, as a rule, have the capacity to form ascomata (MlC). A recent investigation shows that heterothallism occurs in Microascaceae; this may explain the lack of ascomata in some strains [48] .
In contrast to the correlations often seen, our results also show some unexpected sequence-based groupings. The separation of D. purpureofuscus, P. schumacheri and K. hyalina far from their current congeneric relatives exemplifies this. Such striking repositionings of superficially similar taxa may indicate interesting enigmas for future research to investigate. The questions raised in this way may not all have the same answer. For instance, we do not know enough about the genetic coding of the morphological characters used in phenotypic taxonomy, nor do we understand the limits of genetic exchange between species, or at least, between groupings currently thought of as species. Some characters may also be difficult to interpret or to compare systematically over a wide range of taxa. For instance, interpreting the presence of an ascospore germ pore as a morphological structure -even though it appears to be merely the absence of some degree of full-wall thickness at the same site -may depend on seeing small differences in the spore wall thickness. This process may be hindered by our technical limitations in readily observing such structures. The problem of classifying characters together in a meaningful way is exemplified in our data by the rough conidial surface. Should we classify the striated Scopulariopsis conidia of Microascus singularis and the rough Echinobotryum conidia of Doratomyces stemonitis in the same category? In this study we did so, but perhaps we will learn that these characters have different genetic backgrounds.
Again assuming that our molecular trees reflect the real evolution, what do the results imply as to current taxonomy of Microascus sensu lato? As a taxonomic character, the formation of Scopulariopsis anamorphs indicates phylogenetic affinities only at a relatively coarse level. This anamorph type is found in several approximately genus-level teleomorph taxa and is intermingled with anamorphs classified in other genera. Doratomyces species (except D. purpureofuscus) are anamorphs of closely interrelated but unknown Microascus s. lato species (MaC), closest to Microascus giganteus. The mitosporic Trichurus spiralis is also an anamorph of a M. giganteus-related ascomycete. The characteristic curved appendages of the Trichurus conidiophore seem to represent a late modification of Doratomyces. Thus, the anamorph-generic status of Trichurus should be questioned. The mitosporic Wardomyces species are likewise anamorphs of unknown Microascus s. lato species, with closest affinities to M. giganteus or M. albonigrescens. Limits of Doratomyces, Wardomyces, Trichurus, Scopulariopsis and Echinobothryum in MaC are obscure, according to our present results, and these form genera may intermingle.
Among the holomorph taxa, we see that the genus Microascus contains fungi with mutual phylogenetic affinities at the main-clade level. However, the concept of Microascus seems to warrant emendation since the closed ascomata of K. hyalina and the non-porate ascospores of Pithoascus are grouped in the same main clade. Taxonomic alternatives include splitting of the genus to several smaller genera (in which case only MlC would remain Microascus) or rewriting the description to include the whole main clade. Both alternatives would require more species and strains to be sequenced and molecular characters to be included in the descriptions. If Microascus sensu lato is to be split, the small basal genus Pithoascus might be retained if the unrelated P. schumacheri will be recombined into the as yet unnamed genus that corresponds to the M. manginii clade.
In the long run, we hope that molecular data will also contribute to a better understanding and improved diagnosis of Microascaceae-related fungal disease. In particular, the M. manginii clade, with several opportunistic pathogens, seems to warrant more attention from medical mycologists.
